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Background: Major depressive disorder (MDD) is associated with functional abnormalities in fronto-meso- 
limbic networks contributing to decision-making, affective and reward processing impairments. Such func- 
tional disturbances may underlie a tendency for enhanced altruism driven by empathy-based guilt observed 
in some patients. However, despite the relevance of altruistic decisions to understanding vulnerability, as 
well as everyday psychosocial functioning, in MDD, their functional neuroanatomy is unknown. 

Methods: Using a charitable donations experiment with fMRI, we compared 14 medication-free participants 
with fully remitted MDD and 15 demographically-matched control participants without MDD. 

Results: Compared with the control group, the remitted MDD group exhibited enhanced BOLD response 
in a septal/subgenual cingulate cortex (sgACC) region for charitable donation relative to receiving simple 
rewards and higher striatum activation for both charitable donation and simple reward relative to a low level 
baseline. The groups did not differ in demographics, frequency of donations or response times, demonstrating 
only a difference in neural architecture. 

Conclusions: We showed that altruistic decisions probe residual sgACC hypersensitivity in MDD even af- 
ter symptoms are fully remitted. The sgACC has previously been shown to be associated with guilt which 
promotes altruistic decisions. In contrast, the striatum showed common activation to both simple and al- 
truistic rewards and could be involved in the so-called "warm glow" of donation. Enhanced neural response 
in the depression group, in areas previously linked to altruistic decisions, supports the hypothesis of a pos- 
sible association between hyper-altruism and depression vulnerability, as shown by recent epidemiological 
studies. 

© 2014 Published by Elsevier Inc. 
This is an open access article under the CC BY-NC-ND license 
(http://creativecommons.Org/licenses/by-nc-nd/3.0/). 



1. Introduction 

Charitable donation behaviour is a unique form of human altru- 
ism which challenges kin selection theories of interpersonal helping 
behaviours (Hamilton, 1 963; Foster et al., 2006). The "warm glow util- 
ity model" posits that people engage in helping behaviours because 
they are socially rewarding and pleasurable (Andreoni, 1990). The 
avoidance of anticipated guilt may be another important motivator 
of altruistic behaviour (Eisenberg, 2000; Tangney et al., 2007). Major 
depressive disorder (MDD) is associated with elevated levels of self- 
blaming moral emotions such as shame and guilt (see reviews: Kim et 
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al., 2011; Pulcu et al., 2013); particularly survivor guilt (O'Connor et 
al, 2000) which persists into remission (Green et al., 201 3 ). It has been 
suggested that empathy-based guilt is associated with hyper-altruism 
in MDD (O'Connor et al, 2012). Epidemiological studies support this 
view and suggest that hyper-altruistic tendencies (e.g. making do- 
nations exceeding $10/month) constitute a vulnerability factor for 
the first onset of MDD (Fujiwara, 2009). This suggests that charitable 
donation, perhaps acting as an index of empathy-based guilt, may 
represent a trait marker for MDD. A potential neuronal basis of this 
effect has not been investigated. 

Previous neuroimaging studies of charitable donation behaviour 
in healthy participants suggested selectively enhanced response of 
septal and subgenual cingulate (sgACC) regions during decisions to 
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make donations relative to decisions to accept simple monetary re- 
wards (Moll et al., 2006). The septal part of the nucleus accumbens 
(Harbaugh et al., 2007; Hsu et al., 2008) and an anterior ventral area 
of the ventromedial frontal cortex (Hare et al., 2010) have also been 
associated with donation decisions. The sgACC was also found to be 
more active in people with higher empathic concern while they made 
decisions to sacrifice money to help others (Feldman Hall et al., 201 2). 
The authors of these studies argue that the sgACC may play a criti- 
cal role in processing prosocial and affiliative emotions as well as 
moral decisions. The sgACC has reproducibly been found to selec- 
tively respond while people experience guilt, which may relate to its 
involvement in donation decisions (Zahn et al., 2009a, 2009c; Green 
et al., 2012a, Basile et al., 2011a; Morey et al., 2012). 

In contrast to the selective involvement of septal and subgenual 
cingulate regions in a previous study of altruistic donation decisions 
relative to selfish rewards, activation in the lateral striatum was com- 
mon to both altruistic and simple monetary reward decisions (Moll 
et al., 2006), consistent with the commonly reported role of striatal 
structures in processing financial (and other) rewards (Diekhof et al., 
2012). Striatal response was also observed more strongly when peo- 
ple made donations in the presence of a social audience, therefore 
receiving additional social rewards such as recognition and appraisal 
(Izuma et al., 2010). These studies suggest that septal/subgenual re- 
gions distinguish altruistic decisions from those that increase indi- 
viduals' own financial resources, potentially reflecting guilt or other 
prosocial processes, whereas striatal regions respond both to outcome 
of altruistic decisions and to simple receipt of money, potentially re- 
flecting reward-related response. 

A well-established clinical literature suggests that MDD is associ- 
ated with both structural (Drevets et al., 1997; Drevets et al., 1998; 
Botteron et al., 2002; Drevets and Savitz, 2008) and functional im- 
pairments of the sgACC during the symptomatic phase (Mayberg et 
al., 1997; Mayberg etal., 2000; Mayberg etal., 2005; Siegleetal., 2006; 
Lehmbeck et al., 2008), with abnormalities in functional connectivity 
(Greicius et al., 2007). Connectivity abnormalities extend well into re- 
mission while patients are processing guilt (Green et al., 2012b). Stud- 
ies also suggest functional impairments of reward processing systems, 
including the striatum, even when symptoms fully remit (Tremblay 
et al., 2005; Schlaepfer et al., 2008; Knutson et al., 2008; Eshel and 
Roiser, 2010). These previous functional neuroimaging studies have 
shown enhanced sgACC, but blunted striatal response in MDD across 
different reward, affective and social processing paradigms, even in 
remission. However, best to our knowledge there is no study which 
has investigated brain imaging correlates of social reward processing 
impairments in remitted or current MDD. Based on the evidence re- 
viewed above, we suggest that decisions to make charitable donations 
may be an experimental probe for understanding functional impair- 
ments related to social decision-making, associated with abnormality 
of fronto-meso-limbic networks. 

Here, we used functional magnetic resonance imaging (fMRl) with 
an experimental charitable donations paradigm to investigate the 
neural bases of altruistic decisions in MDD. Trait abnormalities in 
donation behaviour have been previously suggested by an epidemio- 
logical study (Fujiwara, 2009). In order to investigate the neural basis 
of donation behaviour associated with depression vulnerability, we 
recruited unmedicated patients with MDD fully remitted from symp- 
toms (rMDD) and a group of matched controls with no personal or 
family history of MDD. A growing number of studies suggest that 
using functional neuroimaging in rMDD is a valid approach to inves- 
tigating biological trait markers for future major depressive episodes 
(Bhagwagar and Cowen, 2008; Dichter et al., 2012; Elliott et al., 2012; 
Nixon et al., 2014; Schiller et al., 2013; Pulcu et al., 2014). Studying 
remitted MDD has additional advantages such as mitigating the ef- 
fects of current mood state and antidepressant medications (Dichter 
et al., 2012; Schiller et al., 2013). Here, we investigated the following 
hypotheses, based on previous literature reviewed above: compared 



with controls, people with rMDD would exhibit 1 ) enhanced sgACC 
response to donation decisions relative to simple monetary rewards 
and 2) reduced responses to rewards in striatal regions (e.g. septal, 
nucleus accumbens, caudate, globus pallidus). 

2. Material and methods 

2.1. Participants 

We obtained ethical approval from the North West/Manchester 
South NHS Research Ethics Committee. Participants were recruited 
using online and print advertisements. Initial suitability was assessed 
with a phone pre-screening interview and an online survey. Written 
informed consent was obtained from all participants. 

2.J.J. Inclusion / exclusion of participants 

Patients with rMDD fulfilled the criteria for a past major depressive 
episode in full remission according to DSM-IV-TR (American Psychi- 
atric Association, 2000). The clinical interviews were conducted by 
trained researchers (see below). We excluded people with current 
MDD, current or history of substance use disorders, psychotic disor- 
ders, bipolar depression, any Axis-I anxiety disorders diagnosed prior 
to the initial major depressive episode or any history of neurological 
disorders. We also excluded patients using psychotropic medication. 
The healthy control group additionally had no current or past Axis-1 
disorders and had no first-degree relatives with a history of Axis-1 
disorders. All participants had normal or corrected-to-normal vision. 

In total, 15 healthy control participants and 14 individuals with 
rMDD (see Supplementary materials Table 1 for further clinical infor- 
mation) were included in the final analysis. One patient with rMDD 
and one healthy subject were excluded because of an insufficient 
number of acceptances in the simple financial reward condition (see 
below for the details of the fMRl paradigm). 

2.2. Clinical interview procedure 

Participants were invited for a clinical interview in which trained 
researchers (EJT or PDT) conducted the Mood Disorders Module A and 
the psychotic screening of the Structured Clinical Interview for DSM- 
1V-TR (SCID) (First et al., 2002). The MINI screening (Mini International 
Neuropsychiatric Interview; Sheehan et al., 1 998 ) was conducted with 
all participants and relevant Structured Clinical Interview for DSM-IV- 
TR (SCID) modules were used in order to make a full assessment. The 
Montgomery Asberg Depression Rating Scale (MADRS) (Montgomery 
and Asberg, 1979) and the Global Assessment of Functioning (GAF) 
scale (Axis V, DSM-IV) were used to assess current symptoms and 
social functioning. 

2.3. fMRl paradigm 

The charitable donations task was adapted from Moll et al. (2006) 
and the choice of charities was based on the findings of a previous 
pilot study, which investigated people's perceptions and preferences 
about charitable organisations in England and Wales. Mission state- 
ments of 95 charities were obtained from The Charity Commission for 
England and Wales (http://www.charity-commission.gov.uk/) for the 
pilot study. The 36 charitable organisations with the most positive 
mission statement ratings in the pilot were selected for the func- 
tional neuroimaging task. Unlike the Moll et al. (2006) study, our 
imaging paradigm did not contain any charities probing costly/non- 
costly opposition behaviour. This decision was based on the findings 
of the pilot study in which we only identified 11 charities (predomi- 
nantly focusing on controversial religious themes) with mildly nega- 
tive mission statement ratings (a detailed analysis of the pilot study 
is available from the authors upon request). Our pilot findings may 
reflect a significant cultural difference in charities between the US 
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and the UK. US charities include political organisations and lobby- 
ing groups, for example charities promoting gun control or abortion, 
which elicit strong opposition in some people and strong support 
in others (Wright, 2002). Registered UK charities are generally less 
politicised and, while people are more or less likely to support these 
charities, there are very few organisations which people would ac- 
tively oppose (and still fewer which people would pay to oppose). 

Before the fMRI experiment, participants were given a document 
containing the full name and the mission statement of 36 charities 
and the payoff conditions were explained to them (see Table 1 for 
payoffs and their comparison with Moll et al. (2006)). 

The charitable donations task performed during fMRI lasted for 
144 rounds (3 runs; 48 rounds in each run) with the following condi- 
tions presented in pseudorandom order: 

Costly donation: Charity gains, participant loses 

Non-costly donation: Charity gains, participant neither gains nor 

loses 

Reinforcing donation: Charity gains, participant gains 

Simple financial reward: Participant gains, charity neither gains 

nor loses 

Neutral: No gain or loss for either charity or participant. 

See Table 1 for cost, donation and reward magnitudes in each 
condition. In total, there were three donation conditions where the 
charity gains: reinforcing donation (participant also gains), non-costly 
donation (no change for participant) and costly donation (cost/loss 
for participant). The costly condition best models real-life charitable 
giving. Donations in the costly proposals reduced participants' en- 
dowment by 30p (p = pence, l/100th of £1, 1 UK pound), which is 
then escalated in the experimental design of the study (as in Moll et 
al. 2006) and corresponded to £1 of donation to the charity. 

During the experiment, participants started with £20 of funds cor- 
responding to real currency. In each round, charity information was 
presented to the participants, comprising the name of the charity 
and a shortened version of its mission statement (for 6 s). On the 
next screen, the participants saw the payoff conditions (for 3.5 s). 
Participants responded by using the designated "Accept" and "Re- 
ject" buttons to indicate their decisions; the designation of these two 
buttons was counterbalanced across participants. A 20p penalty was 
imposed when participants failed to respond within 3.5 s. The pay- 
off screen remained visible until 3.5 s expired, irrespective of how 
quickly participants responded to the proposal. On the final screen, 
participants were presented with the outcome of their decisions and 
the amount of remaining funds (for 2.5 s; see Fig. 1 for the sequence of 
screens on experiment timeline). At the end of the game, the amount 
of remaining funds was rounded to the nearest lb to be received as 
reimbursement for participation. The participants were told that all 
of the donated money would be distributed evenly to the five most 
frequently selected charities once the study was completed, and in 
a debriefing session, no participant questioned whether these dona- 
tions would be made. 

2.4. Image acquisition 

Echo-planar T2*-weighted images (351 volumes in each of the 3 
runs with 5 dummy scans for each run of 11 min 42 s) were ac- 
quired on a Philips 3 Tesla Achieva MRI scanner with an 8 chan- 
nel coil, 3 mm slice thickness and ascending continuous acquisition 
parallel to the anterior to posterior commissural line (between 35 
and 40 slices depending on size of the participant's head, Repeti- 
tion Time (TR) = 2000 ms, Echo Time (TE) = 20.5 ms, Field of View 
(FOV) = 220 x 220 x 120 mm, acquisition matrix = 80 x 80, re- 
constructed voxel size = 2.29 x 2.29 x 3 mm, SENSE factor = 2) 
optimised for signal detection in ventral frontal areas (Green et 



al., 2012b). In addition 3-dimensional Tl -weighted Magnetisation- 
Prepared Rapid Acquisition Gradient Echo structural images were ob- 
tained (reconstructed voxel size = 1 mm 3 , 128 slices, TE = 3.9 ms, 
FOV = 256 x 256 x 128, acquisition matrix = 256 x 164, slice 
thickness = 1 mm, TR = 9.4 ms). Axial T2 -weighted structural images 
were acquired for each participant to rule out vascular and inflam- 
matory abnormalities. 

2.5. fMRI modelling 

We modelled the haemodynamic response function with time and 
dispersion derivatives. The five condition specific regressors in the 
general linear model were: neutral (neither the participant nor the 
charity gains or loses money), costly (charity gains, participant loses), 
non-costly (charity gains, no change for participant) and reinforcing 
(charity and participant both gain) donation conditions and simple 
financial reward (participant gains). The baseline fixation condition 
was modelled explicitly as the sixth regressor, in order to replicate 
the analysis approach used by Moll et al. (2006). The regressors in 
the model referred to onset time vectors for all proposals that were 
accepted (and fixation onset for the baseline). Our event-related fMRI 
paradigm is modelled in the same way as Moll et al. (2006). In sum- 
mary, we modelled the 3.5 s corresponding to the presentation of the 
proposal (payoff/decision screen in Fig. 1 ), during which participants 
made their decisions. This is the "decision phase" analysis. We also 
modelled the 6 s window containing both the payoff/decision and 
outcome screens (see Fig. 1) to detect outcome related activations. 
This is the "outcome phase" analysis. Since the outcome is fully pre- 
dictable if the payoff is accepted, the outcome is known from the 
point at which the proposal is presented and accepted and therefore 
it makes sense to model this phase including the decision screen, 
following the approach of Moll et al. (2006). 

2.6. Analysis 

Behavioural and supporting data analyses were performed us- 
ing a significance threshold of p = 0.05, 2-sided; using chi-square, 
independent sample t-tests and general linear models (SPSS 20.0, 
http://www.spss.com ). Functional images were realigned, unwarped 
and reregistered to the subject's Tl images. These images were nor- 
malised by first normalising the participant's Tl image to the stan- 
dard Tl -template in SPM8 ( http://www.fil.ion.ucl.ac.uk/spm/ ) and 
applying the same transformations to the functional images. A Gaus- 
sian kernel of 5 mm at full width at half maximum (FWHM) was 
used for smoothing to be sensitive to small subcortical areas of acti- 
vation (Sacchet and Knutson, 2012). At the first (individual) level we 
contrasted donation (containing all accepted costly, non-costly and 
reinforcing donation proposals) vs. reward (simple financial reward) 
in a balanced contrast. Subsequently, we contrasted these proposal 
options in pairwise comparisons (e.g. costly vs. non-costly, costly vs. 
reward, non-costly vs. reward) and contrasted each proposal con- 
dition against the baseline conditions of neutral and fixation. At 
the second level, we used the contrast images from pairwise com- 
parisons in two different random effects models. Using one-sample 
t-tests in our first model, we assessed neural differences between 
conditions separately in healthy subjects (n = 15) and in remitted 
patients (n = 14). Using a two-sample t-test in our second model 
we compared the groups. In secondary data analyses based on the 
peak-voxels of the whole brain between-group comparison mod- 
els (using a 1.5 mm radius around the peak voxel in MarsBar ver- 
sion 0.43, http: / / marsbar.sourceforge.net/ (Brett et al., 2002)), we 
aimed to confirm that the detected regions survived when compar- 
ing donation/reward proposals vs. the low-level fixation condition, 
allowing us to infer either increased activation for the acceptance of 
the proposal or deactivation in the subtracted control condition. 
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Table 1 

The payoffs for the participant and the charity across different conditions and comparisons between Moll et al. (2006). 

Total number of 

conditions (out of Total number of 





Participant 


Charity 


144) 


Participant 


Charity a 


conditions 3 


Funds 


£20 


N/A 


N/A 


$128 


N/A 


N/A 


Costly 


-30p 


+ £1 


36 


-$2 


+ $5 


32 


Non-costly 


-Op 


+ £1 


36 


-SO 


+ $5 


32 


Reinforcing 


+ 10p 


+ £1 


24 


N/A 


N/A 


N/A 


Reward 


+ 10p 


+ £0 


24 


+ $2 


+ $0 


32 


Neutral 


-Op 


+ £0 


24 


N/A 


N/A 


N/A 


Null-fixation 


+ 


+ 


144 


+ 


+ 


48 


Penalty 


-20p 


N/A 


N/A 


-$1 


N/A 


N/A 



The financial magnitude of proposals in the current study is written in bold (i.e. left side of the table). a Details and the frequency of the conditions in the Moll et al. (2006) study is 
presented on the right side of the table. Moll et al. (2006) also contained costly and non-costly opposition proposals which were not included in the present study due to differences 
in charitable giving between the US and the UK. At the time of writing this manuscript, $2 converted to £1.20. The main difference between the studies is the relative magnitudes 
of financial components of the conditions; for Moll et al. (2006): penalty < reward = costly donation < charity amount; whereas in the present study: reward < penalty < costly 
donation < charity amount. Greater financial magnitude for penalty over reward is preferred in the present design in order to reduce the number of trials with no responses. The 
( + ) denotes the pattern of fixation. N/A: not applicable information. 



Fixation 




0.5s 



ORG and mission 



Cancer Research UK 
caring for cancer patients 



Payoff/decision 



6s 




•.. 3.5s 



Outcome 



OUTCOME] 

You -£0 
Charity + £1 



2.5s 



Time 



Outcome type: 
non-costly 
donation 



Jitter/Fixation 




Fig. 1. Diagram showing the experimental timeline of the charitable donations paradigm. 
Adapted from Moll et al. (2006). 



Whole brain results were first explored at a voxel-level threshold 
of p = 0.005 uncorrected, cluster threshold 4 voxels. However, ar- 
eas are only reported that survived additional voxel- or cluster-level 
Family-Wise-Error (FWE)-corrected thresholds of p = 0.05 across a 
priori ROls (as detailed below, small volume correction) or the whole 
brain. 



anterior cingulate and ventromedial prefrontal cortex (Pulcu et al., 
2013). The ROls were defined by using the Wake Forest University 
(WFU) PickAtlas tool (Maldjian et al., 2003) for SPM8; using a combi- 
nation of anatomical and Brodmann Area masks from the automated 
anatomical labels (see Supplementary methods for the details). 



2.7. Region of interest (ROI) definition 

We defined independent structural regions of interest which were 
previously shown to be involved in decisions to make charitable do- 
nations and are also critically associated with depression (septal/ 
subgenual cingulate region and bilateral striatum). In an exploratory 
fashion, we also investigated the activations in two additional regions 
which are associated with social economical decision making; dorsal 



3. Results 

3.1. Participants 

The groups did not differ significantly for age, years of education, 
distribution of gender, annual income or MADRS scores (see Table 2). 
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Table 2 

Group comparison of demographic and basic clinical variables (mean ± SD). 



Control Remitted MDD Test statistic p-Value 



Age 


38.9 ± 5.9 


38.1 ± 6.3 


0.346 T 


0.732 


Education (years) 


17.5 ± 4.1 


16.8 ± 3.5 


0.548 T 


0.588 


Gender 


9 females 


12 females 


0.895" 1 


0.344 


Income (GBP) 


23,835 ± 8752 


22,173 ± 9521 


0.488 T 


0.629 


MADRS 


2.35 ± 2.17 


2.6 ± 2.9 


-0.254 1 


0.801 


GAF 


91 ± 4.1 


87.6 ± 5.9 


1.968 T 


0.059 



T Denotes t-test. 

"Pearson's chi-square (df = 1). T= t-test. Control: N — 15, remitted MDD: N — 14. Patients with remitted major depression had a trend towards lower GAF scores compared with 
healthy subjects. 



3.2. Behavioural results 

There were no differences between groups in the number of ac- 
ceptance responses to any of the donation or the reward conditions 
or response times for acceptance or rejection in any of the conditions 
(see Table 3). Furthermore, the groups did not differ on how they 
rated the mission statements of the charitable organisations and how 
much they were familiar with the charitable organisations prior to 
their participation. 

3.3. fMRl results 

Summary of all fMRl activations is reported in Table 4. 

3.3.3. Healthy subjects 

3.3.1.1. Decision phase. Against baseline fixation, decisions to do- 
nate were associated with increased BOLD response in the frontopolar 
and lateral orbitofrontal cortices and the septal region. When compar- 
ing decisions to accept simple rewards vs. making costly donations, 
healthy subjects showed an enhanced response in the dorsal ante- 
rior cingulate cortex (see Table 4). The comparisons between other 
main conditions in pairwise contrasts (i.e. all donation vs. reward, 
non-costly vs. reward, costly vs. non-costly) showed no significantly 
different responses. 

3.3.1.2. Outcome phase. Outcomes in all donation and reward con- 
ditions against the low-level fixation baseline (i.e. all three donation 
conditions + reward > fixation) in healthy subjects were associ- 
ated with increased responses in the sgACC, septal region and ven- 
tromedial prefrontal cortex, whereas outcomes for accepting simple 
rewards were associated with the medial temporal gyri bilaterally, in- 
ferior frontal gyrus, ventromedial PFC and septal / nucleus accumbens 
region and subgenual cingulate cortex. 

3.3.2. Patients with remitted MDD (rMDD) 

3.3.2.1. Decision phase. Increased BOLD response related to deci- 
sions to make charitable decisions (irrespective of personal costs) to 
accepting simple monetary rewards (i.e. all donation > reward con- 
trast); as well as direct comparison of costly donations to accepting 
simple monetary rewards did not reach FWE-corrected significance 
level. 

3.3.2.2. Outcome phase. Significantly increased BOLD response re- 
lated to outcomes increasing the charity's and one's own financial 
resources against the baseline condition (i.e. all three donation con- 
ditions + reward > fixation, see Table 4) was detected in the sgACC. 
The inferior aspect of the globus pallidus within the right striatum, 
as well as the septal region, also showed increased response. Out- 
comes related to making donations relative to the baseline fixation 
cross were associated with BOLD response in the sgACC, striatum, 
head of caudate and septal/nucleus accumbens regions. Outcomes 
related to accepting simple financial rewards relative to the baseline 
fixation did not produce any significant change in BOLD response at 
FWE-corrected threshold. 



3.3.3. Between group comparisons 

3.3.3.1. Decision phase. When comparing all three donation deci- 
sions to simple rewards, there was increased sgACC response in the 
rMDD group relative to control subjects (BA 24; MN1: -3, 29, 1 ; t = 4.1 , 
FWE corrected over ROI: p = 0.04; see Fig. 2). When comparing deci- 
sions to make costly donation vs. reward, there was increased dorsal 
anterior cingulate cortex response in control subjects relative to the 
rMDD group (BA 31 ; MNI: 15,26, 16; t = 4.4, FWE corrected over ROI: 
p = 0.05; see Fig. 2). 

3.3.3.2. Outcome phase. Finally, there was increased striatum re- 
sponse in the rMDD group relative to control subjects when compar- 
ing all reward-related outcomes to fixation (i.e. all donation + re- 
ward > fixation; MNI: 18, 20, 1; t = 3.94, FWE corrected over ROI: 
p = 0.05; see Fig. 3). Enhanced donation specific response (i.e. all dona- 
tion conditions > fixation) in the remitted group, relative to healthy 
subjects, was further confirmed by post-hoc SPM analysis showing a 
significant activation in the nucleus accumbens extending medially 
to the septal region adjacent to the sgACC (MNI: 21, 14, -14, t = 4.73, 
p = 0.04). 

Between group comparisons for other main contrasts (i.e. non- 
costly vs. reward; costly vs. non-costly) did not reveal any significant 
response differences in our ROIs in either the decision or outcome 
phases. 

3.3.4. Supporting general linear models 

The between group differences that we present above reflect 
group by condition interactions. In order to confirm group by con- 
dition interactions we used extracted regression coefficients from 
the peak voxels for the conditions of interest compared to baseline in 
2 x 2 GLMs in SPSS (two types of decisions (e.g. to donate or to accept 
simple rewards) by two levels of clinical grouping). This subsequent 
analysis provides a useful check for the robustness of between group 
differences as SPM minimises the residual error over the whole brain 
(i.e. least-squares fitting) in GLMs, whereas using regression coeffi- 
cients extracted by MarsBar in SPSS allows us to test the suitability of 
these whole brain models to specific regions. In order to understand 
the simple effects driving between group interactions, we did pair- 
wise comparisons using extracted regression coefficients from the 
peak voxels for the conditions of interest compared to baseline (see 
between group differences presented in Figs. 2 and 3). 

For the sgACC response in the decision phase (all donation > re- 
ward), there was a significant decision type by group interaction (F(l, 
24) = 9.694, p = 0.005 ) with main effect of decisions (F( 1 , 24) = 4.944, 
p = 0.036), but no main effect of clinical group (p = 0.408). Pairwise 
comparisons were used to explore the interaction. Relative to healthy 
subjects, there was a significantly reduced response for receiving sim- 
ple rewards (t = 2.295, p = 0.05), and marginally elevated response 
to making donations (t = -1.796, p = 0.09) in remitted patients. The 
magnitude of donation related activation relative to simple rewards 
was significantly higher in remitted patients (r = 3.887 p = 0.001), 
whereas it was comparable in healthy subjects (t= -0.123, p = 0.903; 
see Fig. 2b). 
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Table 3 

Behavioural measures and response time (RT) comparisons (ms). 



Control (mean ± SD) 



Remitted MDD (mean ± SD) 



p-Values 



Donation count 
Costly 
Non-costly 
Rewarding 

Simple financial reward 
Neutral 
Total funds (£) 
Charity ratings 
Familiarity 
Mission statement 
Costly donation 
Acceptance RT 
Rejection RT 
Non-costly donation 
Acceptance RT 
Rejection RT 
Rewarding donation 
Acceptance RT 
Rejection RT 
Simple financial reward 
Acceptance RT 
Rejection RT 



18.9 ± 9.4 
30.9 ± 6.7 
22.3 ± 3.1 
21.1 ± 3.6 
13.6 ± 9.5 
18 ± 2.4 

3.05 ± 0.9 
5.3 ± 0.7 

1604 ± 311 
1567 ± 396 

1338 ± 329 
1406 ± 523 

1394 ± 522 
1710 ± 708 

1366 ± 530 
1452 ± 584 



22.5 ± 10.7 

33.6 ± 4.5 
23.3 ± 1.8 

22 ± 2.1 
16.3 ± 9.4 
17.6 ± 3.1 

2.8 ± 0.6 
5.2 ± 0.5 

1562 ± 420 
1608 ± 418 

1454 ± 557 
1639 ± 579 

1318 ± 392 

1475 ± 446 

1608 ± 545 

1476 ± 406 



-0.943 
-1.270 
-1.104 
-0.794 
-0.769 
0.351 

0.741 
0.401 

0.307 
-0.269 

-0.677 
-1.129 

0.445 
1.074 

-1.209 
-0.128 



0.354 
0.215 
0.28 
0.434 
0.449 
0.729 

0.465 
0.692 

0.761 
0.79 

0.504 
0.269 

0.66 
0.292 

0.237 
0.899 



The groups do not differ on acceptance of donation proposals or any of the response times (control group: N - 
"Independent sample t-test (df = 27). 



15, rMDD group: N= 14). 



Table 4 

Summary of BOLD fMRI results. 



Comparison 



Hemisphere 



Region 



MNI 



t-Value 



FWE-corr.p-value 



Controls 
Donation + re- 
ward > fix 



Donation > fix 



Reward > fix 



Reward > costly 
Remitted MDD 
Donation + re- 
ward > fix 



Donation > fix 



Control vs. rMDD 
Costly > reward 
rMDD vs. control 
Donation + re- 
ward > fix 
Donation > fix 

Donation > re- 
ward 



Ventromedial 

PFC 

Septal 

Subgenual 

cingulate 

Frontopolar 

cortex 

Lateral OFC 

Septal 

Ventromedial 
PFC 

Temporal gyrus 
temporal gyrus 
Inferior frontal 
gyrus 
Subgenual 
cingulate 
Septal/nucleus 
accumbens 
Dorsal ACC 

Subgenual 

cingulate 

Septal 

Striatum 

Subgenual 

cingulate 

Striatum 

Head of caudate 

Septal/nucleus 

accumbens 

Dorsal ACC 

Striatum 

Nucleus 
accumbens 
Subgenual 
cingulate 



-3 
-12 



21 

-3 
-9 

-63 
63 
42 

15 

3 

-6 

12 

-3 
30 
12 

30 
15 

-6 

15 
18 
21 

-3 



47 

23 
29 

65 

35 
23 
47 

-7 
-4 
29 

29 

20 

32 

35 

17 
-4 
35 

-4 
23 
17 

26 
20 
14 
29 



-14 6.74 



4.08 
5.36 



-5 5.97 



-5 
-11 



4.99 
3.90 



-14 8.04 

-14 8.07 

7 5.78 

-14 4.73 

-8 4.49 



4.74 
5.6 



-14 6.82 



4.41 
5.54 



-14 8.29 



-11 5.57 
13 5.56 
-8 5.58 



16 4.4 

1 3.94 

-14 4.73 

1 4.1 



01 CROJ 

02 c.roi 
.0 2 c,roi 

<.001 cRO 

02 C,ROI 
04<r, ROI 

<.001 wb 

.001 wb 
<.001 wb 

Q4 wb 

.05 wb 
.0 2 c,roi 

03 c. ROI 
.001 cE01 

.0 2 c,roi 

.0 3 c, ROI 

.005 wb 

.04 c ' 1)01 
.05 cRO1 
01 c.roi 

05 v.RO[ 
05 v.RO[ 
04v. ROI 
O4V. ROI 



Only regions that survived voxel- or cluster-based FWE-corrected p = .05 over the whole brain or our a priori ROIs are reported, wb = whole brain, c = cluster-based, v = voxel-based 
FWE-correction. Control group: N = 15, remitted MDD group: N — 14. fix: Fixation cross. 
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Fig. 2. 3D rendering and overlays constructed by Mango brain imaging software. T-maps displayed at p < 0.005 uncorrected showing activation in (a) the dorsal anterior cingulate 
in healthy subjects relative to MDD for costly donation > reward with regression coefficients from the peak voxel for the contrast elements against the fixation shown in bar charts 
(as with for other activations in the figures; error bars show ± 1 standard error) and (b) the subgenual cingulate in MDD relative to healthy subjects for all donation > reward. 
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Fig. 3. Activation in the right striatum in MDD relative to healthy subjects for all 
donation + reward > fixation. 



For the right striatal response in the outcome phase (all dona- 
tion + reward > fixation), there was a significant type of outcome 
by clinical group interaction (F(l, 24) = 13.159,p = 0.002) with main 
effect of outcome type (F(l, 24) = 6.410, p = 0.02) and main effect of 
clinical group (F( 1 , 24) = 1 6.763, p = 0.0006). Between group pairwise 
comparisons suggested that the interaction is driven by significantly 
elevated responses for donation conditions (t = -4.161, p = 0.001), 
but between group differences were non-significant for simple re- 
wards (t = -1.875, p = 0.08). The right striatal activations for both 
conditions relative to the baseline were comparable in remitted pa- 
tients (f = 1.029, p = 0.315), but in healthy subjects the deactiva- 
tions were significantly greater for donation conditions (t = -3.476, 
p = 0.002; see Fig. 3). 



For the dACC response in the decision phase (costly donation > re- 
ward), there was a significant decision type by clinical group interac- 
tion (F(l, 24) = 10.336, p = 0.004) with main effect of decision type 
(F(l, 24) = 5.686, p = 0.025), but no main effect of clinical group 
(p = 0.390). Between group pairwise comparisons for simple main ef- 
fects suggested that the groups were marginally different for reward 
related responses (t = -1.757, p = 0.09). Relative to the magnitude 
of responses for simple rewards, remitted patients had significantly 
lower response for costly donations (t = -2.182, p = 0.04), whereas 
in healthy subjects the magnitude of the deactivations for both con- 
ditions was comparable (f = 0.372, p = 0.713; see Fig. 2a). 



3.3.5. Exploratory correlation analysis 

In order to explore further the dACC response during the decision 
phase, we investigated the correlations between the regression coef- 
ficients and behavioural measures related to the decisions: response 
times and frequency for accepting donation or reward proposals. 
There was a positive correlation between dACC regression coefficients 
for reward > fixation and response times for decisions to accept sim- 
ple financial rewards in the rMDD group (df = 13, r= 0.573, p = 0.041 ); 
whereas an inverse correlation emerged between this measure and 
the number of simple financial rewards accepted in healthy subjects 
(df = 14, r= -0.634, p = 0.011; p-values uncorrected; see Fig. 2a). 
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4. Discussion 

Here, we conducted a functional neuroimaging study using an ex- 
perimental charitable donations paradigm in order to investigate the 
neural basis of altruistic decisions in patients with remitted MDD. 
Our behavioural results for costly donation and accepting simple fi- 
nancial rewards (see Table 3) suggested that the experimental task 
effectively probed donation related financial decision-making; with 
all participants prepared to make costly donations even though these 
decisions reduced their overall gains from the task. We showed that 
during periods of remission, patients with MDD did not engage in al- 
truistic decisions significantly more frequently than healthy subjects. 
However, our imaging results indicate that altruistic decisions are 
associated with enhanced septal/sgACC response in remitted MDD 
compared to controls. We also showed that outcome related striatal 
responses are relatively enhanced in rMDD compared to controls for 
both charitable and self-serving decisions. Finally, we showed that 
in remitted patients there is enhanced response in dACC for deci- 
sions to accept simple financial rewards, and a decreased response 
(i.e. negative BOLD effect) in this region for decisions to make costly 
donations. 

We were only partially able to reproduce the findings of a previous 
donation study in healthy volunteers (Moll et al., 2006). We showed 
that in healthy subjects charitable decisions, as well as accepting sim- 
ple financial rewards, activated overlapping neural circuitry with the 
Moll et al. (2006) study, but condition specific activations were only 
detected against the baseline condition. These differences may be 
due to the differences in charitable organisations used across the two 
experimental paradigms, and in particular to the differences in the 
nature of charitable giving between the United States and the United 
Kingdom (Wright, 2002). One key difference in the nature of charita- 
ble giving between these two countries is that in the US, donations 
contribute to tax relief (Harbaugh et al., 2007) and therefore there 
may be non-altruistic incentives to donate. In the UK, only higher 
earners, who pay income tax at a higher rate, receive tax relief on 
donations and none of our participants reported annual incomes that 
would include them in this tax bracket. Also, Wright (2002) argued 
that charitable giving is often a form of political expression in the US, 
where controversial mission objectives of many charitable organisa- 
tions are likely to divide public opinion (as reflected in the subset of 
charities which probed opposition behaviour in Moll et al. (2006)). 
There are far fewer controversial charitable organisations in the UK 
and we were therefore unable to examine opposition. This difference 
in the nature of the charities may also explain why we did not repli- 
cate all of the previously reported results. 

Our core hypotheses concerned differential responses between in- 
dividuals with rMDD and healthy controls. As predicted, we showed 
increased response in the sgACC region for decisions to donate rela- 
tive to simple monetary rewards which distinguished the rMDD from 
the control group. Abnormal functioning of the sgACC in MDD is well 
established in clinical research. Following volumetric correction for 
the reduction in grey matter, an abnormal hypermetabolism in the 
sgACC has been shown in current depression (Drevets and Savitz, 
2008), which normalises upon remission from symptoms (Mayberg 
et al., 2000). Here we observed enhanced sgACC response during 
remission, in response to a specific cognitive challenge, suggesting 
some residual hypersensitivity which can be elicited with a suitable 
task probe. It is important to point out that the peak activation in 
the sgACC that we report in our between groups comparison is al- 
most precisely overlapping with the peak of functional abnormality 
reported by Drevets et al. (1997). 

Previous imaging studies have implicated the sgACC in proso- 
cial decision-making, affiliative feelings and moral emotions, such 
as interpersonal (Zahn et al., 2009b) and altruistic guilt (Basile et 
al., 2011b), empathic concern for others (Zahn et al., 2009a) and 
compassion for other's psychological pain (Immordino-Yang et al., 



2009). Lesions to ventromedial parts of the prefrontal cortex (Koenigs 
and Tranel, 2007) have shown to influence prosocial decisions neg- 
atively in interpersonal financial exchange. More specifically, septal 
neurodegeneration has been associated with a lack of affiliative feel- 
ings such as guilt and pity (Moll et al., 2011), suggesting that these 
prosocial emotions are important for balancing selfish motives in so- 
cial economical decision making situations. Our charitable donations 
paradigm elicited enhanced sgACC response in remitted MDD, sug- 
gesting that donation may be a more sensitive probe of sgACC function 
in this group than paradigms exploring interpersonal guilt (Green et 
al., 2012b), which did not lead to between group BOLD signal differ- 
ences in the sgACC. Given the literature relating sgACC to prosocial, 
affiliative and moral emotions, it is reasonable to suggest that such 
feelings are more strongly elicited in people with remitted MDD than 
controls during charitable donations. More specifically it has been ar- 
gued that forms of guilt, particularly survivor guilt, may be important 
motivations for making charitable donations. It is therefore possible 
that the enhanced septal/sgACC response during donations in pa- 
tients with rMDD reflects the higher levels of survivor guilt that have 
been suggested to underpin hyper-altruism in this group (O'Connor, 
2012). However while this is a reasonable hypothesis arising from our 
present findings, it requires direct testing in future studies, as guilt 
is only one component of social decision-making which a donations 
task potentially probes. 

Counter to our hypothesis, we observed enhanced signal in the 
striatum in remitted MDD, particularly for donation outcomes. Meta- 
analytical reviews show that the striatum responds during the pre- 
diction and consumption of salient rewards (Diekhof et al., 2012), 
whether primary or secondary (Sescousse et al., 2013). The striatal 
responses observed in the striatum in healthy controls were lower 
than we expected. This may reflect the relatively passive nature of 
the task, as previous studies indicated that competing for, or win- 
ning, financial rewards under conditions of uncertainty is associated 
with greater striatal responses relative to passive receipt of simple re- 
wards ( Elliott et al., 2000). Another explanation for the relatively small 
magnitude of striatal activations in our control group may be that the 
magnitude of our simple rewards was much smaller than that used 
by Moll et al. (2006) (see Table 1 and legends for detailed compari- 
son). Cultural and task specific differences between the present study 
and Moll et al. (2006) may also be important factors. However, these 
arguments do not explain the relatively increased striatal responses 
observed in the remitted group. Previous studies have suggested re- 
duced striatal responses to financial rewards in people with MDD, 
which may persist into remission (Tremblay et al., 2005; Schlaepfer 
et al., 2008; Knutson et al., 2008; Eshel and Roiser, 2010). Our findings 
suggest that decisions to make charitable donations enhance striatal 
responses in rMDD, perhaps reflecting enhanced sensitivity to so- 
cial rewards. However, once again, this is a hypothesis that requires 
testing in future studies. 

Despite relative paucity of directly comparable evidence in the lit- 
erature, here we present novel findings of enhanced response to char- 
itable decisions in our a priori ROIs (sgACC and striatum) detected in 
the absence of behavioural differences. These present findings add to 
a growing number of studies showing evidence for abnormal social 
perception and social emotion processing even in periods of stable 
remission. For example, previous studies from our research group 
showed that patients with remitted depression have disrupted func- 
tional connectivity between the sgACC and the right anterior temporal 
lobe for guilt (Green et al., 201 2b) and enhanced BOLD response in the 
right amygdala for shame while rating unpleasantness of hypothetical 
social scenarios (Pulcu et al., 2014). Similarly, we showed that remit- 
ted patients exhibited attenuated medial prefrontal responses to pos- 
itive social interaction images (Elliott et al., 2012). In all cases, these 
neuronal differences were observed in the absence of any differences 
in performance. One possible explanation of this is that the same be- 
havioural output is being achieved using different mechanisms, in 



E. Pulcu et al. / Neurolmage: Clinical 4 (2014) 701-710 



line with theories discussing "neuronal compensation" in pathology 
(Gramsbergen, 2007; Erk et al., 2011). However, in the context of 
social and emotional tasks it is also possible that the mechanisms 
mediating behavioural output are comparable but the neuronal dif- 
ferences we observe reflect differences in the feelings elicited by the 
same category of decisions. For example, it is possible that the patients 
make comparable decisions yet experience different emotions associ- 
ated with these decisions. These neuronal differences may relate to a 
neurobiological basis of vulnerability, as people with history of a ma- 
jor depressive episode have higher susceptibility to further episodes 
(Eaton et al., 2008). Social reward hypersensitivity, observed at the 
neuronal level, in the remitted depression group may therefore re- 
flect a trait vulnerability. Longitudinal neuroimaging studies of social 
cognition/decision-making could reveal more about the role of such 
abnormal neural responses in depression vulnerability. 

Finally, we showed between-group differences for costly dona- 
tions relative to accepting simple financial rewards in the dACC. Re- 
sponse in the dACC has been consistently demonstrated in paradigms 
using economical decision making, including activations related to 
making costly donations relative to accepting simple rewards as 
shown by Moll et al. (2006). Previous studies have also observed dACC 
responses when participants chose between outcomes in social and 
economic exchange contexts (Sanfey et al., 2003; Rilling et al., 2008). 
In our study, healthy subjects showed deactivations in this region 
for both conditions (i.e. costly donations and simple rewards), but 
more strongly for accepting simple rewards, whereas in the remitted 
depression group there was a selectively enhanced response when 
increasing their own payoff. There were no behavioural differences 
between patients and controls in terms of decisions for making costly 
donations or accepting simple financial rewards. However, healthy 
subjects with a greater magnitude of dACC deactivation for accept- 
ing simple rewards chose to accept them more frequently, whereas 
remitted patients who had stronger activations in this region took 
more time to make self-serving decisions (see Fig. 2a). A number of 
functional roles that have previously been ascribed to the dACC may 
be relevant to our task, including conflict resolution and action mon- 
itoring (Botvinick et al., 2004; Amodio and Frith, 2006), switching 
between different decision-making modes (Rushworth et al., 2007) 
or evaluation of the anticipated reward utility of outcomes (Walton 
et al., 2007). However our task was not explicitly designed to eval- 
uate these mechanisms and thus no weight can be attached to such 
post-hoc explanations based on reverse inference. 

Our study had a number of limitations. Like other key publications 
on neurobiology of donation behaviour (Moll et al., 2006; Harbaugh 
et al., 2007; Izuma et al., 2010), we did not correct our p-values for 
the number of exploratory ROIs that we used. It is also important to 
acknowledge our relatively small sample size in the present study. 
Despite showing donation-related hyperactivation in the group with 
MDD vulnerability, our study cannot discriminate between primary 
vulnerability (e.g. familial history) and secondary vulnerability (e.g. 
due to a previous episode). This issue should be addressed by longi- 
tudinal studies which also recruit individuals before the first onset of 
MDD. Finally, it is important to note that the patients in this cohort 
were fully remitted at the time of testing, and that remission was 
particularly stable in this cohort (mean of nearly 5 years). It is possi- 
ble that such a stably remitted group of patients is not representative 
and it would be important to extend these findings to more recently 
remitted, and indeed currently depressed participants. 



5. Conclusions 

Here, we showed that there is a hyperactivation of septal/sgACC 
and striatum during charitable donation decisions in patients with 
MDD. Our findings suggest that a charitable donations paradigm may 
be a particularly sensitive probe of fronto-meso-limbic circuitry in 



709 

depression, associated with neuronal abnormalities even in very sta- 
ble remission. We suggest that the between-group differences that 
we demonstrate here related to social reward hypersensitivity may 
be related to biological trait markers for vulnerability to MDD for 
patients in stable remission. 
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